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PREC~ACE

UTh root c aun a e inaIyna istochoiqua was (eV is ed in 1967 and re fined
'1 ~by (ho L.ANCE1 1'rojee, Of fie, Redutone Arsenal, Alabama, during the1AYANCK '.1 ve I pme it, I t man boon rigorousl1y app1lied to all. LANCE sys tern

teoc bn ic a p robnhion and , i. nadd ition, it was a ppl1ied to cer ta in failure.
annmLy~ in art. Lvi t: es coenduc ted by the sateff of the LANCE~ Systemn Engineer-

F A, Ig Nnnngn r, Pica tinny ArnonaL, D~over, New Jersey. The method resulted
trem the coopor t ive efftorts of the LANCE project: technical staff,

IT1V An ruspacu Corporation -- Mich igan Division, Pie atinny Arsenal,an
L1uiiotrun pnrtic ipnnto from several Government and institutional agencies.
Applications were diverse and inc luded in- flight missile failures and
sovere production problems on components of missile systems. Neither
schedule slippage nor cost overrun was encountered when the root cause
dlingnostic: failure modes analysis technique was relentlessly applied
on the LANCE project during the period 1969 through 1975.

rB Augustine E. Magistro has participated in root cause analysis task
tem including team member and Blue Ribbon

A panel reviewer, team leader, and consultant. He has applied his skill
aod failure analysis in electronic fuzing systems, solid-staten timers,
and thermal battery production problems. He is a 1952 graduare of

N'' Lehigh University with a BS degree in mechanical engineering.

Lawrence R. Seggel graduated from Lafayette College in 1957 with
a BS iTneeT9i't-r17a engineering. Since 1963 he has been involv~ed

K in the systems engineering activities within the LANCE Project Office.
In 1968 he became the Chief, Technical Management Division. This report
is hased largely on his experience.

Special acknowledgment is given to John A. Robins, Deputy LANCE
Project Manager, whose managerial drive and insistence upon "finding a
way to be sure we are correcting the right problem" produced the atmos-

I~v phere in which this technique was devised and perfected.

During the LANCE activity, it became evident that in many eagineer-
ing programs "our greatest skill is not in never failing but in rising
each time we fail." It is hoped that the material presented in this
report will encourage and support those individuals who encounter tech-
nological failures by helping them respond in a systematic and planned
manner.
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T, 1. Introduction

Throughout the development of the LANCE Missile System, or
any technical development activity, hardware failures occur. In some
cases the failure is catastrophic, such as an explosion or crash, and
in others the failure is subtle, i.e., in the form of an out-of-
specification value of performance of some component or subsystem. In
this report, any performance beyond three standard deviations of nominal4 is termed a failure. A primary task of management and systems engineers
is to establish the normal performance limits for the hardware, recognize
abnormal performance (failure) when it takes place, determine the cause
of failure, and derive effective solutions.

$l! The determination of the cause of failure ir' often the most for-
midable task presented to engineers during a development. Failures

A.' are often the result of the unexpected and the intense pressure to
meet schedule and cost goals. In addition, the desire to quickly solve

the problem and show "how intelligent we are" becomes almost
uncontrollable.

During the early phases of the LANCE project, the Government
agencies and contractors involved were very effective at quickly applying
"fixes" to failures. In many cases, the apparent problem was treated

3 and several apparent problem symptoms were also treated, but often the
same failure recurred. In the early part of the program, corrective

0• actions were applied several times to treat the same symptoms. Signifi-
cant costs in dollars, time, and anxiety were suffered by several levels
of management each time the corrective action was inadequate.

It became evident that a technique which assured that the root
cause of a failure was detected and removed was essential. System
development cancellation was a real threat, and in this atmosphere a
series of innovations evolved which produced the root cause analysis
technique.

The root cause analysis technique produced dramatic and effectiveresults. The basic root cause for each failure was clearly established,

: and in the majority of the cases it was reproduced in the laboratory.

Demonstration of a complete understanding of the failure mechanism pre-

ceded any attempts at engineering solutions. Solutions to known speci-
fic problems, whose phenomena are clearly understood, are generally
straightforward and need to be applied only once with complete corafi-

R" dence that the problem will not have to be encountered again.

and This technique is a special presentation of the scientific method
and it is believed that root cause analysis is of general benefit in
solving a variety of problems. Experience with other Army development
activities and several contractor organizations shows that they had
experienced, or were experiencing, similar difficulties in problem
solving. Those that have applied the root cause technique have become
advocates of its merits.

5
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This report presents a description of the root cause analysis
technique and explores many of the related factors and approaches to
teamwork in problem solving activities.

2. Technique of Root Cause Analysis

The techiiique of root cause analysis has proven to be the
most significant engineering management tool employed by the LANCE
missile system development team. The technique involves a thorough,
organized, and rigorous analysis of each hardware failure, or apparent
failure, to firmly establish the one root cause. To support the analy-
sis and to assure an explicit understanding of the root cause of failure,
each failure is duplicated. The next step after establishing the mecha-
nism of failure is to apply solutions and corrective actions.

The problem begins with the occurrence of an apparent hardware
failure. With a brief description of the problem, a root cause manager

is designated to organize a team of engineers with expertise in a broad
range of fields to perform the first of many critical steps in the
analysis.

All available data should be gathered for review and cataloged in
terms of its validity, i.e., personal observations which are or are not
collaborated, instrumentation data, recovered hardware, etc. To provide
a "statement of the problem." the initial task is to specify the problem
in terms of what happened and the sequence of events leading to the
problem.

Furnished with the essential knowledge of the item under investi-
gation, a group (not more than five persons) lists every conceivable
cause for failure. This technique utilizes brainstorming to produce a
list of postulated modes of failure. In general, brainstorming employs

A the deferring of judgment as a means for obtaining a large number of
possibilities or alternatives, i.e., discussion and ideas are freely
evolved and recorded without evaluation of the idea at the time of its
expression. Thus, the procedure permits a large quantity of possibili-
ties to be recorded in a short period of time, and the broadest view of

a' the problem is obtained before a conclusion is reached. The separation
of the production of failure possibilities from their evaluation provides
"a greater opportunity for detecting subtle causes and reduces short-
sightedness in examining failure modes which may be remote but possible.
Even dihe most remote possibilities should be listed since there are no
"real data constraints or boundary conditions. From this list (which
may be added to at any time but never subtracted from) the root cause
of the failure will be determined.

"..6
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theAt this point, the formal diagnostic team is established to conduct

the analysis to completion. Considerations for team composition,
"leadership, motivation, and other valuable problem solving considerations
are presented in subsequent sections so they may be thought of in con-
text with the objective of the root cause analysis technique.

one;The format of the root cause analysis chart (Figure 1) is a simple
one; however, it must be conscientiously completedl and updated to be
effective in keeping the progress and, ultimately, the results of the
analysis before the team. The column headings of the chart are as
follows:

a) Failure mode - All potential failure modes from the initial
postulated list are entered, one to a page, and added to as additional
modes are evolved.

b) Failure sequence - The mechanism of the postulated failure
mode is briefly described for each failure mode entered.

c) Supporting data - Actual test data "facts" and substantiated
analyses that are established from detailed investigation of the failure
mode are listed. All facts that support the mode are listed in enough
detail to be understood by the team,

d) Refuting data - All facts established during the detailed
analysis of all data that refute the postulated failure mode are
entered.

Note: It is essential that only established facts be entered in the
supporting and refuting data columns. There is no allowance for suppo-
sition beyond the failure mode and failure sequence columns because the
weight of the facts established and listed in the supporting and refuting
data columns will determine which failure modes are not the cause, which
are potential contributors to the failure, and which one is the most
probable root cause.

e) Additional data and tests required - As the investigation
proceeds it will become clear that there are gaps in the analysis or
data available which, if filled in, would produce a basis gor a firm
conclusion relative to likelihood of the postulated failure mode being
the cause of the observed failure. The definition of those investiga-
tions, whether analysis or tests, that will fill the data gaps are
entered in this column. The estimated completion of those additionalS~investigations are also entered so that the team objectives are under-
stood and timely input is maintained. The charts are "living" docu-

ments and when additional data are made available, prior entries are
deleted (lined through) and the results entered in either the supporting
or refuting data columns.

7
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There is a space on the chart where a simplified statement of the
observed failure indication may be entered. Other entries that may be
used for summary notations are also provided. The final determination
of the failure mode cause probability estimate should be stated in terms
of "not cause," "probable contributor," "unlikely cause," "likely cause,"
and "root cause." An indication as to whether corrective action is
required should be entered together with any conclusive statements con-
sidered desirable.

W Figure 2 is a root cause analysis chart with instructions for
making entries where appropriate. Since the instructional entries are
included, this root cause analysis chart instruction format can be pro-
vided as a "handout" to root cause team members to help them understandI• the intent of the root cause analysis chart.

Figure 3 is a root cause worksheet. Since the root cause analysis
chart is cramped for space, thereby requiring effective summarization
of key points, a worksheet has proved helpful to the individual inves-
tigators for whom summarization is not easy. By providing more space
for supporting and refuting data, the investigator can write a complete
thought for the use of other members of the team. Summarization of
those thoughts for entry into the root cause analysis chart can be
accomplished later by the subt._am or team leader.

An example of a final summary report resulting from an actual
investigation is presented in Appendix A.

The root cause analysis chart format fulfills several significant

purposes:

a) Provides a prompt overview of the status of any point during
A the failure analysis process. This is valuable to the team and to

management.

b) Describes and plans follow-on activity required to complete
the analysis.

c) Provides an auditable review record in the simplest terms
which allows independent assessmunt by disinterested parties such as
"red teams" and "blue ribbon panels."

d) Concisely presents the balance between confirming and refuting
data upon which determinations are based.

e) When the root cause is identified, the information on the

format explicitly describes the failure process and demonstrates that
other causes are eliminated from contention.

9
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This technique requires discipline to produce solutions. It takes
patience and discipline at all levels of managemuent to allow the analy-
si, t:eam to do the thorough diagnostic job that is required. Under-
standing can ituL bu legislated, it has to be worked for. To a mature
management this is the only course that assures success. The saying
"do it right the first time and you will not have to do it againn"

continues to hold true.

The tool has been described; the techniques for its use and
realizing its full. utility now need to be discussed.

3. Root Cause Organization

How do you "get into" a root cause analysis? This section
presents a discussion of the typical root cause analysis organizations,
flow diagrams, red teams, and blue ribbon panels. The ability to iden-
tify what: problems require what magnitude of effort is obtained through
experience; however, some ideas to assist in this area will be pre-
sented in this section.

Figure 4 presents a typical block diagram of an ad hoc root cause
analysis organization. The ad hoc team approach is shown because it
represents an organization appropriate for the investigation of the
most difficult types of failures, i.e., those where the data base is

small, the known facts are few, the areas of possibility are many, and
the time to reach a total understanding is expected to be more than
2 months. After the initial failure modes are listed on the root cause
analysis chart antd the initial failure data are reviewed, it is generally
apparent what type and magnitude of organization is necessary. Simpli-
fications of this basic organization are obvious.

Mien a problem is of such magnitude as to require long term
involvement of personnel from several major organizations, it may
prove beneficial to have an understanding at the highest levels of
those organizations so that the support required and provided will be
the type and quality needed and will be continuous. In the Government,
separate commands and agencies as well as contractors and institutional
consultants may be involved. Similar situaticns arise within industrial
concerns. A charter of operations prepared by the primai , organization
and signed by the heads of the supporting organizations and the root
cause team leader can prepare an effective and efficient analysis.

Factors to be presented in a charter of operations are:

a) A brief statement of the problem

)b) A statement of the significance of the problem

c) Designation of the root cause team leader

12
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d) Designation of the site for the team's operations

e) Definition of the support required of each supporting organi-
h zation; names of specific individuals, if practicable

f) Best estimate of the duration of the investigation.

The root cause team leader is obviously the hub of the analysis.
The team leader does not need to be a technical expert, but should
possess most of the good characteristics of a top manager (i.e., an
organized and disciplined individual). The capacity to understani and
appreciate the abilities and idlosyncracies of the members of the team
in order to obtain their best efforts should also be qualities of a
team leader. He should possess the ability to anticipate personality
conflicts, resolve them, and create a cohesive team. The team leader
should have the drive to keep the analysis on course with as high a
rate of progress as possible. Finally, he should have the capacityto recognize the answer when he sees it, Some of the techniques used

by team leaders are discussed in subsequent sections.

The root cause team leader will perform the following functions:

a) Direct and control the activities of the team

b) Prepare the ad hoc team charter if required

o) Arrange for the team staffing

d) Describe the root cause analysis technique using this reference
of a typical example for the problem under study

e) Establish task teams

f) Distribute root cause analysis charts to task teams

g) Assure that assignment due dates are met

h) Prepare cost estimates and authorizations for management as
required

i) Arrange for technical specialist support as necessary

j) Arrange for red team or blue ribbon panel reviews if the4 problem warrants that magnitude of independent review.

Each team should have an executive secretary whose duties should

j• include the following:

4a) Prepare listing of participants with addresses and phone

numbers

b) Arrange meetings

c) Assure preparation of minutes of meetings

All d) Distribute minutes, reports, and data to the team members

14
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e) Prepare and update the root cause atalysis chart and report

f) Maintain a chronologi'cal file of all material to serve as a
reference information bank and allow the various task teams to acquire
data without slowing up other teams. This can be very important because
the regular cross-feeding of information among the task teams speeds up
the analysis process.

g) Summarize the findings of the various task teams and issue
interim data to the teams

h) Prepare visual aids of briefings, conferences, etc.

i) Direct the preparation of the final report of root cause.

The executive secretary will require secretarial support as a
minimum and additional support will be dependent upon the magnitude of
the problem tinder study and the size of the group. The organization
and supporting staff should be kept to the minimum because larger
groups are unwieldy and costly. There is no substitute for good
Judgment in this area.

The task teams may consist of one to not more than five individuals,
with a given area of expertise. It will be the task of the team to

b • evaluate the available data and develop supporting and refuting data for
the root cause analysis chart on those failure modes that are within
their area of expertise. The task teams will also determine what addi-
tional data are required to resolve each failure mode. They should
arrange or perform the necessary analyses or tests to be conducted and
write individual fact sheet reports on their findings. Dissemination
of information/findings among task teams and to the root cause team
leader on a timely basis cannot be overemphasized. The cross feeding
of information allows for maximum progress and minimizes duplicative
effort. Initial internal independent reviews can often be provided by
other task teams and the team leader and serve as an initial critique
of the validity of the findings aad conclusions drawn. In this way,
perspective is gained. We all have the tendency to get our nose into
the grass so we cannot see the lawn when we get immersed in a problem
investigation.

The task teams may add to the failure modes list as the investiga-
tion provides new insights. Failure modes, once stated, cannot be
arbitrarily deleted.

Technical specialist support of the activities may be necessary
p to perform specific analyses or tests. Ihis support should be provided,

when necessary, to assure that the task teams' time and talents are
effectively used. Additionally, a given analysis may require skills
not present on the task team itself. Such help should come frorm the
specialist support capability (Appendix B lists some sources of tech-
nical skills).

W15
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Tusk tLam nIadclra shok1dC ptirforin the fol owiM1i8 fUntions in conl-
"juviction wi Lh team mombers:

a) Protent os tablighOd facts discribitig thQ problem

b) Assist in listing "failure1 modes"

c) Comp1otLe "fiailuro sequence" on root. cause analysis charts

d) Fill in "supporting data" and "refuting data" columns on root
cause analysis charts

A e) Develop follow-on activities test and analysis requirements

with due dates

f) Obtain support of technical specialists as necessary

g) Provide data outputs and findings to root cause team leader
and other task teams

4h) Iteratively update root cause analysis charts and assist in
assigning cause probability estimates for each failure mode.

Consultants, red teams (who critique by playing the devil's advo-
cate), and blue ribbon panels (who bring widely recognized expertise to
the analysis critique) are an important adjunct to the diagnostic efforts
and their broad use in these investigations generally falls within two
areas. First, blue ribbon panels and consultants may bring expertise
in an area that is not available within the organization and may be

employed directly on task teams, as in the role generally applied to
technical consultants. The second area is an important one and concerns
maintaining perspective and review of findings. Red teams and blue
ribbon panels can provide objectivity and sound advice on future courses
of action, on a periodic basis (not more than monthly), as the investi-
gation progresses, In addition, they play the role of the devil's
advocate when the investigation is completed. In this way they can
help assure that all relevant areas are being investigated and the
logic of the findings and conclusions are unassailable. Sometimes it
is of benefit to have "disinterested parties" review your work, if for
no other reason than to make you organize and examine your logic. As
a result, the simple preparation for a red team or blue ribbon panel
review may be considered a major quality assurance tool. The objectivity
brought to an analysis by these, auditing groups should not be overlooked
on the more difficult problems. One of the greatest technical abilities
is the ability to recognize when we do not have the knowledge to handle
a problem and, therefore, need help.

A red team or blue ribbon panel should perf3rm the following
functions in support of a root cause analysis:

a) independently critique the facts and approach taken by the
team at periodic intervals - after" the root cause is determined

b) Review the root cause findings

16
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c) Provide guidance on possible approaches not accounted for by

'V kd) Issue a written report of the findings (which may be appended

S, 11Pt o th e r o o t c a u s e f in a l r e p o r t )

is 'From the root cause analysis flow diagram shown in Figure 5, it
is clear that the ultimate definition of the root cause may occasionally
occur after a cursory review; however, the bulk of the problems encoun-
tered will require the disciplined iterative process.

The initial data from a failure may indicate the nature of the
failure or limit the areas of concern. In the later stages of a devel-
opment activity, when the data base is very broad, most failures tend
to fall into this category. There should be no doubt, however', that

kil the approch to the root cause analysis must be rigorous, critical, and
disciplined for problems with a broad data base as well as those with
meager data bases. The difference in the level of problem is shown

1ý only in. the fact that the root cause may be determined in a week to a
month by a team consisting of a few members. The disciplined approach
must be adhered to for these short term problems.

Figure 6 is a graphic representation of the root cause analysis
cycle from observation of the failure through corrective ac'tion, imple-

14 mentation, and follow-up. Typically, variations of this cycle of
activity with its numerous inputs and outputs will result in a specific
failure analysis atv theroyasaayi. Ntualti

Solutions should not be developed until the root cause is known.
The exigencies of each situation might dictate that solution development

be conducted parallel with the root cause analysis. Naturally, this
increases the cost exposure if the solution is for the wrong problem.
Be careful, do not implement solutions until you have the root cause.

$ I 

4. 
Importance 

of Verifying 
Facts

There is unlimited involvement when dealing with unverified
facts. Unfortunately, you will go far astray pursuing phenomena that
might not have existed -what a colossal waste of energy. As indicated
in Section 2, the first major activity when problem solving is to arrive
at a valid statement of the problem.

Recognizing that a problem exists is necessary to begin fact vor-
fication. That perception may result from failure of developmental
hardware to perform as expected, declining sales, a market fail to

k develop, or many other "failures." To have made the determination that
a problem exists, the manager must have a set of data which he believes

V' to represent facts. Thus, the first step in understanding the root
cause of a problem (verification of the initial facts) is reached. Can
the manager believe them?

17
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It does not matter what the source of the data is (sales reports,
instrumentation data, personnel turnover, excess scrappage, or the
stated observations of individuals); it is necessary to challenge
those facts as to their validity. It is paramount for a manager or
iuvestigator to know the difference between the facts available and
the assumptions.

In the missile business, the sources of data useful in establishing
facts relative to a failure are numerous. Some of the data will be
available within moments of the failure, while other data may take
weeks to assemble or develop. The data that are available within the
first 2 to 3 days after the incident forms the basis upon which the
root cause investigation is initiated. The remainder of the data
become useful to refute or support particular failure modes. In some
cases, new data might suggest previously unidentified failure modes.
The following is a listing of some of the key sources of data:

a) Test data - Data taken on specifically measured performance
parameters.

b) Telemetry data - Measurements of specific performance parame-
ters of interest.

c) Preliminary test reports - A quick assessment of the test
results generally available from the test team in 2 to 3 days. This
report will normally provide the history of the test item at the test

4 site and give the conditions and timing of the test, in addition to
initial data results.

. d) Environmental test results - Often a test is preceded by

imposition of required environmental exposures to be expected during
the normal life of the test item. Often the environment induced
(generally artificially) can produce the condition for failure. The
records of the test facility, conditions, and results are essential.

e) Compatibility tests - When an item under test is instrumented,
data are taken to assure that the instrumentation has no effect on the
item performance and, conversely, that the item under test produces no
unwanted feedback into the recording system.

f) Preflight test results - Generally there are checkout tests
run on the item prior to the actual test to assure that the item is
performing prior to test and to verify that all of the instrumentation
systems are functioning normally. The data from these tests can pro-
duce interesting facts about the validity of the test at its initiation.

Generally, these are the type data that must be verified before a
valid statement of the problem can be made. Some considerations for
establishing the validity of the data involved in a pr biem are presented
in the following paragraphs.
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Often, more than one type of instrumentation system or technique

is used to record a given performance parameter. An example might be
the use. of fixed cameras, cinetheodolites, radar, and Doppler velocity
and position (DOVAP) systems for determining in-flight acceleration,
velocity, position, heading, etc. The accuracy and reliability of some
of these measuring techniques is greater than others. These factors
must be known and considered when the data are compared so that the
data (facts) used are those in which the highest confidence can be
placed. If data from several sources compare within the limits of the
various accuracies, the data can be considered verified.

In some cases it may be necessary to conduct specific experiments
to establish the accuracy of data from a given source. Competent test

t activities establish these values and document them as a matter of
facility record. When the application is special, the data accuracy
should be a matter of specific note, It is in this area that we some-
times find ourselves doing verification experiments "after the fact."

P Where computer simulations of the item under test are available,
a particularly valuable verification capability exists. It is possible
with this tool to put recorded performance into the simulator to see
if the resulting simulation produces the same results as did the item
under test. For example, if an engine pressure was telemetered as
'being low' for 20 seconds, would that data "fact" produce a trajectory
and impact like that observed on radar or DOVAP? The simulator can
provide the answer and thereby resolve any questions about the validity
of the engine pressure data.

The accuracy with which a problem can be understood is not likely
to be better than the accuracy of the facts. Therefore, it is important
to validate the data so that it can be confidently regarded as fact.
Make note of data "assumed" to be fact, but take the steps to perfrom
tests or analysis to eliminate the assumption at the earliest practicable
time.

g) Other sources of data -There are many additional sources of
data which may produce facts useful during a root cause analysis. Each
fact can be applied to the supporting or refuting data columns of the
root cause analysis chart. to help establish the root cause mode of
failure. Some of the sources of data are as follows:

1) Manufacturing records

2) Assembly instructions

3) Inspection data

4) Quality assurance data

R 5) Reject reports

6) Waivers and deviations
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7) Critical component data

8) Laboratory simulations

9) Previous test reports

10) Historical failure summaries

11) Failure history data banks.

Although the preceding list is not all inclusive, it serves to
A show that there are many sources of applicable data that may provide

insights and facts when performing a root cause analysis.

Use verified data from all available sources. Take steps to verify
all data used as rapidly as possible. Be sure to record assumptions
and unverified data as they are, so that they do not become confused
with facts. Do not discard data as invalid without proving that the
data are incorrect. Data are always communicating with us: it shouts,
it whispers, and one must be alert and perceptive enough to recognize
its message.

5. Root Cause Team Management

How often have you participated in a trouble shooting team to
solve a technical problem? How many times have you been selected to
lead a trouble shooting team? Those who have infrequently participated
in either activity will find the procedures described in this section
useful in trouble shooting, and those who have more experience will
find techniques which will apply to leading trouble shooting teams.

In the past, the classical role of trouble shooter was played by
an individual, who detected the cause and solved the problem. Frequently,
the engineering trouble shooter was a legend in his area of technical
expertise. This was the individual who could be relied on to get an
emergency situation under control and his knowledge of the technical
area and his tools were all that were required to solve the problem.

Analysis of faults in the space age era is much more complex,
many diverse skills are required and often large teams are assembled to
solve technical problems. In addition to the complexity of the techni-
cal problems are the problems related to the personality differences
and the different objectives of those selected to solve the problem.
The chairmen of the failure analysis groups frequently are not exper-
ienced in more than one technological area which may have bearing on
the problem and must, therefore, i ly on the help of key members from
the team to actually perform the analysis.
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s What then is the role of this team leader? One view which seems
• clear is that the failure analysis leader will direct activities of ateam of recognized specialists who are frequently brought together on

an ad hoc basis and have not previously worked together. The team
leader must consider the social environment of the team as equally
important as their technical skills, and he must operate in a way
which produces a series of rewards to the team as their activitiesi !•ilprogress.

a. Task Events Aided by Social Dimensions

the ob t beThe analysis of failures by groups is a tack event and
the job to be accomplished is often a new one to most groups. The
groups are frequently ad hoc gatherings brought together for the dura-
tion of the problem and, for many of the members, it is the first time
6tey have worked together. The sense of urgency to find an answer may
cause a great deal of anxiety. The stress on the productivity of the
group is uppermost in the minds of the managers, but the social dimen-
sions of the group can greatly influence progress.

A major task of the group leader is the building of cohesiveness
which results in a tightly knit team which helps one another. The
loyalty and productivity of the team are closely related to the commu-
nication among the members and the social dimensions of the group,
in large measure, forms the foundation for a reward system based on
feedback among the members. The participant's sense of satisfaction
and worth based on his participation are often the only reward for

F. long hours, frequent frustration, and incessant management pressure to
get to the root of the problem. Therefore, the care and feeding of the
social dimensions of the group are essential early actions which must
be addressed. Personal experience shows that the failure of some groups
could be traced to ignoring this first step. The failure of the group
was not in failing to solve the problem, but in the long time taken to

i. solve, the problem and the feeling of dissatisfaction when it was
completed.

b. People

Troubleshooting involves individual effort and the
exchange of ideas among team members directed toward discovering the
root cause of failure. The team brought together in fault analysis
sessions will often be a heterogeneous group of individuals with many
varied personalities, characters, and emotions. The response of these
individuals can be disorganized, haphazard, and chaotic, or the response
can be reasonable and rational depending on group interation, leadership,
and personal need.
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Root cause ananysis requires the management of a team, with as few
blocks as possible, to produce an open.-minded atmosphere which leads to
a choice among many alternates to facilitate the essential spirit of
inquiry. Participants who are able to operate creatively will have the
best chance of discovering the subtle and hidden problems. Stress pro-4 ducing situations are detrimental to creative performance and the
leader's task is to enhance creativity by removing or minimizing
divisiveness.

There is another school of thought relative to stress. There are
those who espouse, and practice with some success, the idea that excep-
tional people under stress do exceptional work and that average people
drop by the wayside. Therefore, it follows that if stress is produced
by managemert you will get exceptional work out of the exceptional
people and the average people will be or become nonproductive. Since
it can be argued that exceptional people are exceptional anyway, and
that there are more average people (who can make real contributions)
than exceptional people, stress applied by management serves no real

T purpose other than to eliminate the contributory potential of the
average people. Observation of organizations where this type philosophy
is applied shows a high personnel turnover and an atmosphere of general
anxiety.

Constant, long term stress is counterproductive. Stress for a
short period, if sensibly applied to drive realistic understandable
deadlines that are made known to the group under stress, often proves
beneficial. Interpersonal stress has no useful purpose in root cause
investigations.

c. Root Cause Communication Activities

A key point in the conduct of root cause analysis activi-
ties is effectively and timely communication and feedback among the
participants. Communication is any system of transferring information
that affects the way in which people perform their assignments. Included
in the term communication is what is said as well as what is perceived.
The information flow is a typical organization using one of the following
routes: formal, informal, and implicit; in most situations all three
operate.

d. Formal Communication

To improve the formal channel of communication, the
cause format evolved. It assists the frequent transfer of information
and minimizes efforts to stress any one invest Lgator's ,as by the use
of concise entries which contain the essence of the information. In
addition, the brief entries are used to overcome many technologists'
hesitancy to write. A major function of the root cause format is to
record information provided during informal communications, discussions,
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Rewards 'u rn kehud to onch ii iber by Lhu group are asoent ala to
goVCm t iog temm ohas5 iaitss . Tho Mot~i v ion Of Lho teams must c oncerti
i tne I with tho individual I eodtý aind how the teaw& porfor).wUa1cL cC~fl pro-
vi~de r'awide tha t satisfy LiMnedat noods. Somie examples of rewards
typic aIlly poruatLing are as foillows.:

1) Maer in rewards - Uisual ly are ma'le after- the.-fact for
oxcptional per Lornwince and are usually reserved for onl~y a few of thek ~many participants . Monay is highly visible but not normall.y effnativ
during the root cause ana~ilys is process pocs

2) So.cial rewards -Can beprovided duigthe poesand a
available to each member dluring day-to-day activities. The need for
respect and apprecia::ioa Is almost universall~y f:elt and the close con-

I: tactm and intermctions tn the work situation brought about by the sense
of: urgancy and importanco almost always assures that: this need willi be
satisftied if the leader makes provioion for frequent. recognition of
pronress and is honest in assessing performance. In many problems of
shore duration this will ba the only reward perceived by the participants.

3) E~steem rewards - Provided for msemb,,rs of- the team as it makes
progress in solving the problems. The work groups share liberally the

V esteem of individuals within the group who are responsible for signifi-
cant activity in getting at the root cause. This reward is especially
notol In long term situations where a series of problems is solved
before the underlying root cause is established.

4) Work rewards - Can be enhanced as a result of the urgency and
.T attention directed at. teams engaged in organized, systematic study of

failure. An unprecedented level of visibility is maintained by manage-

V is einggiven attention beyond that typical of a routine work assign-
ment threfreappeciaiongivn wilethe job is progressing pro-

vides a work satisfaction not normally available and is especially
beneficial at points of significant breakthroughs.

I . Proess

Root cause analysis is a cooperative group process and
if the participants enter the activities on a cooperative basis, there
is a strong possibility that the process will bring rapid results. I n
addition, the commnon problem, activities, and goals can build a bridge
of understAnding out of the divergent. interests. As in building bridges,
the most time consuming and positive activity is at the beginning. The
root cause team leader must be able to convert divergent interests into
channels of comamon goals by amphanszing matters that can be agreed upon
and not dwelling on points of difference until the fragile earl~' team
structure can ba strengthened by the day-to-day process of working at
new insights.
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To sumnuirize, rooi: c•use analysis is, by necessit:y, a cooperative
procoos, and conmuoa goals must be oatablihad and understood. It is a
behavioral. proce'1 ts, not solely an exacting sci.nmc.

6. Practicality of Root Cause Analysis

Practicalicy' How far does one go in performing root cause
analysis? How much money should be invested in such an activity? How
long can one afford to wait for the results? The answers to these
questions and many more of the same ilk are of great interest to managers.
It is obvious that there are no firm answers, That is probably a good
situation because if there were firm answers for such questions one
might be deceived into thinking that we do not really need managers.

In the absence of "answers," it is appropriate to briefly discuss
some of the practical considerations Involved in the development of the
specific solution to each peculiar problem that the manager faces.

One way to approach the problem is to ask, "how much will it cost
if the problem continues unresolved, or the failure recurs?". It might
result in the answer that one can afford to spend that much to assure
that it is resolved, If it would result in the loss of your business
or an entire project, there is an investment or an expected profit that
must be protected at some level. The analysis of such tradeoffs are
referred to as "risk analysis" which has been discussed in several texts,
one of which is Decision Analysis -- Introductory Lectures on Choice
Under Uncertainty by Howard Raiffa, Addison/Wesley Publishing Company.

Generally, each hardware failure should be thoroughly dealt with
during development, i.e., the rationalization of statistical probability
should be firmly resisted. This view is particularly valid in development
because the statistics are based on small quantities and development is
the proper time to determine and eliminate system weaknesses. The greater
"the expected production quantity and/or rate the more vital it is to

Sassure that failure causes are (' tertnined and corrected. The rationali-

zation, "if an item does not Cost much per unit, you should not spend
much to resolve failures," will not stand the light of day. An entire
production rin of many individually inexpensive items may pc'ove to be
faulty; the total investment for which could be enormous. Fortunately,
that false rationalization has not been encountered where high item
unit costs are involved. The failure of one such item is patently a
problem.

Failures that occur during or after the production phase have a
slightly different aspect, or at least they appear to. After a rigorous
and thorough development, one might tend to want to view failures and
production hardware with the law of probabilities' rationalization, i.e.,
"there are going to be some." This rationalization is generally aided
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and abottod by the fact that t~here is usually little information or real.
data obtained from the failure. Practical erperier~ce has shown that the
same root cause analysis effort should be applied as in developmnent.
Because of the lack of firm failure event data, it is often prohibitive
from a cost/time standpoint to establish the root cause based on that

vone event. In such cases, it has proven effective to address the "most
probable" modes of failure on subsequent t~es~ts, being alert to any indi*-
cations that would resolve the problem to its root cause, Several inci-

dents of this nature have been d'ialt with in this manner and ultimately
resolved at minimal program cost. Althoug.h the solution took time, the
formal root cause analysis team was not formally retained beyond the

clarifying data became available, the team was ý:econstituted to complete
the root cause analysis.

l'hase pr:actical considerations must be taken in context with one
overriding premise, i.e., rio failure can be ignored, it will not "go
away." The systems manager must address it resolutely and directly.
Root cause analysis is a systematic technique for the attack and positive

resolution of such problems.
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1.0 SUMMARY

LANCE Missile 2175 (Flight 162) was fired on 3 August 1972. The
missile was the first of the Management Reserve rounds. The preflight
sequencing was normal until about 1.6 seconds after fire command. At
that time, a transient on the missile power battery occurred, followed
by a premature closure of both BTV's. With only the sustainer engine
operative, the missile performed a very short 3.7-second flight, impact-
ing 50 yards downrange.

Extensive tests andanalysis have isolated the root cause to be
the inability of the power battery to handle current loads just after
initiation, due to the high internal impedance at this time. Simulator
tests using a 29 ohm load in series with the power,battery to simulate
the high internal impedance reproduces the flight failure. Comparison
of the simulator TM records with the flight records duplicates all
flight characteristics:

a. Premature BECO

b. Boost Good Guidance inhibited

c. rTS shutdown

d. All electrical transients similar to flight.

To ensure that the power battery internal impedance is sufficiently low
to ensure the loading capability, the following corrective actions were
taken, starting with Flight 163:

a. Initiate the power battery under a 15 ohm load

b. Provide a more positive indication of umbilical disconnect by
modifying the power interlock circuitry in the M/P.

2,0 FLIGHT DESCRIPTION

2.1 Summar_

LANCE Missile 2175 (Flight 162) was fired at 0815 hours (MDT) on
3 August 1972 from an LZL located at L-350A, an east launch point of
Launch Complex 33. The missile was the first of the Management Reserve
rounds, incorporating an alternate Sunstrand accelerometer and a piggy-
back ballasthead with three Honeywell airbearing gyros, and was pro-
grammed to a maximum range impact (T + 1.6 km). The preflight sequencing
was normal until about 1.6 seconds after fire command. At that time,
a transient on the internal power battery occurred, followed by a pre-
mature closing of both BTV's. When the feed system pressurized about
0.2 second later, only the sustainer engine fired. With the order of
magnitude less thrust, while the spin and vent systems operated normally,
the missile performed a very short 3.7-second flight, hitting the
launcher in leaving and impacting about 50 yards downrange. The tankage
remained intact and the sustainer engine continued to operate to propel-
lant exhaustion.
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2.2 Test Configuration

A. Ground Support Equipment (GSE)

The launcher was a Tactical Prototype LZL emplaced with zero
slope, zero cant, and zero traverse at L-350A, an east launch point of•! Launch Complex 33, White Sands Missile Range, New Mexico. The launcher

• was not restrained with any tie-downs and was sighted andlayed to a
quadrant elevation of 540 and an azimuth of 0.4376* east of WSTM Grid•i•' Nor th..

!"•.B. Missile Configuration

The missile configuration consisted of an ET/ST tank body
assembly, a filve-ring "C" casting engine system, and PRM G&C package

which utilized an alternate source.Sunstrand accelerometer. The large
honeycomb fins were modified to include structural skin reinforcements,
and the System V instrumentation package was modified to measure boat-
tail temperatures and performance of the three piggyback "airbearing"
Honeywell gyros.

2,3 Pre-Test Operations

Missile 2175 was selected from the ARMTE WSMR Rounds. The missile
was processed by ARMTE through an initial inspection (II) on 30 March

2. 1972. The missile was not cycled through any preflight ET or ST
environments,, The missile was instrumented at WSMR with a Type V
telemetry system and processed through 14 on 20 July 1972 for firing
on 25 July.

A Flight Readiness Check (FRC) on 24 July revealed that the gyro
yaw null was drifting and the missile was returned to the Assembly
Building. The gyro was replaced and a second 14 was performed on
27 July 1972. An FRC was held on 2 August 1972 with no problems. The
Terminal Countdown on 3 August 1972 was normal until the premature
BTV operation.

The VCE on Missile 2175 was recycled for Cg screening on 19 May
1972 and replaced on 5 June 1972. The Systron Donner accelerometer
was replaced on 20 July 1972 by the flight Sunstrand accelerometer.

2.4 Test Event Description

All prelaunch checks and data appeared normal until 2.35 seconds
(Range Time), at which time the missile power battery indicated a drop
in voltage. The following is the sequence of events from telemetry

i!).data-,

a. Fire command - (0815 hours) 0.816 second
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b. Fire logic enable - 0.832 second

c. Piggyback gyro relay - 1.917 seconds

d. Power transfer relay - 2.280 seconds

e. Pitch and yaw memory - 2.288 seconds

f. Gyro spin rate sensor - 2.353 seconds

g. 00 - 1800 TVC voltage dropped
MW from 28.8 V to 6.2 V

h. 900 - 2700 TVC voltage dropped 2.35 seconds

from 28.8 V to 7.8 V

i. MTS cut-off - 2.364 seconds

z j. +22 VDC PSE voltage dropped from
22.35 V to 14.9 V

k. Integrator voltage dropped from 2038 seconds
16.2 V to 7.4 V

1. 900 - 270' TVC voltage recovered to 13.5 V and started
increase to steady state - 2.395 seconds

me 00 - 180* TVC voltage recovered to 16.7 V and started
increase to steady state - 2.403 seconds

n. Pulse battery voltage dropped from
-28.5 V to -25.3 V

o. Power battery voltage dropped from 2.41 ± 0.167 seconds
28.8 V to 17.6 V J(Commutated channel)

p. First motion - 2.613 seconds

q. Five-inch travel - 2.828 seconds.

The BTV's were prematurely commanded which resulted in sustainer-only
operatlon. The following film review provides the sequence of events.

2.5 Film Review

Approximately 100 minutes of film were viewed. This consisted of
regular and high speed film.

At ignition it appeared that only the sustainer ignited. Venting

was very heavy. The missile moved forward relatively slow and first
rotated approximately 50 to 100 to the left and then started rotating
to the right (clockwise), Approximately half way up to the launchtruss the missile appeared to fall on the truss and pitch over sharply.

It then cleared the launcher and spun up to a fairly high rate.

None of the film viewed showed the missile striking the ground
due to camera placement and smoke obscurement.
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When the smoke cleared, the sustainer appeared to burn normally
for several seconds. Suddenly long yollow flames came from the nozzle
and then the flame died down, followed by approximately 20 to 30 seconds
of almost pure IRFNA with little or no flame present. The IRFNA
suddenly stopped and a large billowy flame appeared and burned for 2 or
3 minutes. This flame slowly subsided and burned out.

The missile impacted north of the launcher approximately 50 yards.
Post-flight inspection of the launcher revealed.

a. Tip of fin No. 1 (white) sheared off on left side of elevation
hand-wheel torque tube.

b. Tip of fin No. 4 (red) sheared off on right side of elevation
hand-wheel torque tube. No damage to hand wheel torque tube
other than the paint.

c. Paint damage at three places on launch truss (center beam)
where missile scraped as it cleared the launcher.

2.6 Post-Test Investigations

A A. Pad Checkout

The following is the sequence of events which occurred at

LC-33 prior to and including G&C package and engine removal on
4 August 1972:

1010 hours - Inspection of ballasthead to tankage electrical connec-
tions revealed:

i. Warhead connector PI from the G&C package to ballasthead
intact and connected. When disconnected, both male and
female connectors in very good condition.

2. Instrumentation umbilical connector at Station 100 had
all pins and wiring pulled out due to impact.

3. Instrumentation connector P2 which connects to G&C
still connected but all wiring pulled out of P2 by impact,

4. Instrumentation connector P1 was pulled loose from and
broke the connector latching dogs on its mating connector

at Station 100.

5. Beacon antenna coax cable pulled out of connector.

1020 hours - Placing of missile and ballast head on dollies itlitiated.

Missile moved and oxidizer and fuel tanks flushed out
v with water for personnel safety. Boattail cover (0-jive)

removed for inspection. Instrumentation connector P2 was
removed from G&C J5. J5 in good condition, P2 shows
obvious damage from having wiring pulled out. Power
battery has dent, apparently caused by being hit by
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ballasthead swing bolt. Instrumentation connector Ji atI, Station 100 removed from bracket, and bracket removed.
G&C umbilical connector has two small chips on phenolic
insert adjacent to pins U and G.

NOTE: All G&C connectors mated properly with locking
dogs visible through inspection holes.'1 The instrumentation measurement points, G&C J5-AA to J5-HH,

for power battery monitor were used to check for diode
action (70 ohms one way and 165 ohms with polarity
reversed).

Boattail inspection shows the following:

1. All connectors connected.

2. Engine and instrumentation harnesses well charred.

3. Fuel and oxidizer BTV squibs were checked and gave open
circuit indications.

4. TVC valve coils were checked for resistance, and values
obtained were:

0' valve - 3 megohms
90' valve - 20 Kohms

180' valve - Open circuit
2700 valve - 600 Kohms

Pictorial documentation was obtained on boattail, engine, and G&C
compartment prior to removal.

The G&C package was removed from G&C compartment, inspected, and
component serial numbers verified. The power battery connectors in
good condition when demated. Battery squib resistance measured at pins
J to K gave an open circuit and battery output resistance at pins B to
F gave an open circuit.

Power battery removed from G&C package for shipment and analysis.

The G&C package was transported to MAB 13 for further checks.

TVC valves were removed from the engine, decontaminated with water,
and transported to the Q-Hut area for further tests.

The engine was removed, flushed with water to decontaminate, and
taken to MAB 13 area and stored in a properly secured area.

r

The tankage was stored at LC-33 inside the locked conditioning
shroud.
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I I' The TVC coil resistance measured at the Q-Hut after connectors4 V were removed were all approximately 37 ohms, and open circuit to case.
The connectors were removed because fire damage prevented coil resist-
ance measurement at connector pins.

1.TS/LCC check - MTS 10 and Pad wiring in post-flight Missile 2175
configuration. No problems were encov:,tered and proper operation was

*•.verified.

B. Action Taken on the G&C Package and Associated G&C Connections.

i. A physical check was made of the power battery connector
both prior to and after demating to the power battery. The connector
and all the pins on both mates looked normal with no indications of
physical damage or excessive current damage. A check of the power
battery load readings into the instrumentation connector (J5) resulted
in a reading of 70 ohms. The J5 connector was checked and appeared
normal with no signs of physical or overcurrent damage. This passive
resistance value is satisfactory for a shutdown package. The battery
load becomes more nearly 35 ohms during power up, howeler, the 70 ohms
was indirative that no shorts or excessive load existed.

S2. The remaining G&C connectors were also physically
checked prior to and after demating. All other G&C connectors looked

A normal with no signs of damage.

3. The G&C package was removed and came off easily with the
only visible signs of physical damage being one small indentation being
observed on the power batter r. The indentation was caused by the

N ballasthead lag bolt that bumped against the battery case during the
Smissile impact and ballasthead breakaway. The power battery was

removed and expedited for immediate hand-carry to Eagle-Picher.

i 4. The boattail cover was removed and engine harness con-
tinuity checks were attempted but the harness readings were of little
value due to the severe burning that took place inside the boattail.
All the harnesses inside the boattail were badly burned and charred.
The only conclusive readings were of the BTV squibs. The BTV squibs
read open when measured directly at the BTV connector pins. The TVC's
were removed to test the TVC coil resistance. Readings could not be

P made on the installed TVC's because all the TVC connectors were
severely burned such that the pins and connector inserts were falling
off. The TVC's had the connectors removed at the electronics lab
where then the TVC coils gave resistance readings of 37 ohms and open
circuit readings between the TVC coils and the TVC metal housing.
Therefore, it was concluded that the TVC resistances were satisfactory, ýand would not cause of possible shorts or excessive loading.

S5. Functional checkout of Lhe G&C Package - The G&C package
was taken to the MAB to troubleshoot for excessive power loading of the

A 
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squib relay is onergized and the squib is initiated by ground power.

Following spin-up ,and uncage, t:he gyro monitor event: and the spin rate
sensor arto required to initiate the SPQG roiay.• The 73 msec time delay
between power transfer and spin rate setisor event is indicative of proper
operation of the XIIS launch sequence to this point.

Approximately 2 to 3 msec priotr to spin rate sensor event, a TVC
pulse is generated. This pulse may be due to a gyro uncage kick, TVC
pulses have been observed on previou& flights prior to first motion.
Simultaneously with the TVC pulse, the power battery output, as
observed on the other channel's TVC , was reduced below the GSE battery
level. The circuitry of iaterest is shown in Figure A-3.

i• GSE
GSE POWERii• + 29 V , ... ATTERY

MIPPSE +22
!•!!• M/P

iVV

TM POINT

Figure A-3. Missile primary power.

ft Note that the PSE will be supplied power by either the power
•.• 'battery or GSE power depending on which source has the highest voltage

level. Thus, when the power battery output is reduced when the TVC
pulse is generated, the MTS will keep the PSE functioning and the power
transfer sensor will switch back to its original state. During this
period, the SPGG relay is initiated (within milliseconds of the spin

fi: "rate sensor event). This relay closure during the period when the
power transfer sensor is indicating the missile power drop results in
the initiation of the power interlock relay in the MTS. (This event

k inormally occurs at umbilical disconnect.) This results in the complete
shutdown of MTS regulated power. The hardwire records show this event
occurring 11 msec after spin rate sensor event which is normally the
pick-up time of the SPGG and interlock relays.

The loss of MTS power results in the reduced output of the power
battery assuming the entire load of tne PSE which further reduces its
output. The power battery output on TM shows the output beginning to
recover when the 12 msec minimum TVC pulse is gone. Approximately 2

-V. msec later, the output is dragged down below the previous drop, which
correlates with the 14-msec interval between the beginning of power
drop and shutdown of the MTS.
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Loss of MI'S power renders the PRM null loop inoperative which
resuli:ts n TVC pulses on pitch and yaw. The sequence of events to th-,s

~i" point is identical to Flight 153 with the exception of the sev•rity of
the power battery drop. On Flight 153, the output was reduced to 24,7
volts which was sufficient to maiatain regulation of the PSE +22 volt
supply. On this flight, the drop was well below the value required
for regulation (on the order of 23.5 volts required to regulate the
+22 volts versus an observed +17.6 volts). As a result, a large elec-
trical transient was introduced into the missile power system with
regulation lost. The +22 VDC output of the PSE drops to 14.9 vo:lts
approximately 16 msee after MTS shutdown. All. other missile power is
derived from the +22 volts and will experience similar transients.
The circuitry of interest is shown in Figure A-4.

The removal of MTS power turns off the Boost Comparator Reset
signal to the VCE but a time delay keeps the transistor switch on for"approximately 125 msec, which is well beyond the time frame being con-
sidered. Simulator tests have shown that the BCR time delay keeps
the"½zero-crossing detector disabled during the electrical transients,
The plus boost termination output of the VCE which provides an inputto the Boost Good Guidance circuitry is disabled during this time frane.

The -22 Vdc supply which is derived from the +22 Vdc supplyexhibits a positive-going transient toward zero. This positive spike

couples through the one-shot timing capacitor to trigger the one-shot
for 60 msec which fires the BTV squibs through the power switch.

The 7 Vac, 4 kHz supply is also derived from +22 Vdc and drops
toward zero. This transient triggers the DCE detection circuits which
inhibits the Boost Good Guidance SCR and cuts off the TVC valves.

3,2 Other Possible Failure Modes

Although a transient due to loading the power battery right after
activation when its internal impedance is still high appears to be themost probable cause of the failure on Flight 162, a number of other

possible failure modes have also been evaluated. In this section, each
of these potential causes of failure are described together with the
data or information available to confirm or refute them.

A. Shorted VCE Power Switch

Since the output from the pulse battery is used to fire the
BTV squibs through the VCE power switch, a shorted transistor in the
switch would allow the squibs to be fired when the pulse battery comes
up to power. This normally occurs less than I second after activation.
Examination of the telemetry records which are commutated at 8 samples
per second shows no evidence of a drain on the pulse battery until 1.6
seconds after activation. While this does not prove thaC the battery
was not loaded down earlier, it does strongly support that it did not
and hence that there were no shorts in the VCE power switch.
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14

"! 41B. Failed Accolerowetar, VGR Integrator or VCE Valve Amplifier

,Su,,,ad" Component failures which caused positive saturation of tho
,Sunstrand accelerometor or the VCE valve amplifier or negative saturation
of the VCE integrator could cause the integrator to run down very rapidly
thereby potentially firing the BTV squibs early. Analysis of t.he VCt: circuits shows that such failures would have caused the sustainer to
shut downi and would have transmitted a boost good guidance signal.
Since neither of these things happened, it may be concluded that failures
in these items did not cause the Flight 162 failure.

C. Shorted TVC Valve, Engine Harness, External Harness, G&C
Harness or DCE

A Ghort in thc circuit leading to the 90* TVC valve which
experienced the first TVC pulse on Flight 162 could have eaused an
excessive current drain and hence voltage drop on the power battery.
Post-test impedance measurements on the four TVC valves gave readings
of 37 ohms whirch is within specification. Post-test functional check-
out of the G&C package showed the DC system to operate manually.
Unfortunately, test damage prevented continuity measurements of the
engine and external harnesses. Telemetry records, however, show the
normal impedance kick on 3 of the 4 valves which received DCE commands
(including the 90' valve). It can therefore be concluded that anomalies
in the TVC circuits did not cause the Flight 162 failure.

D. Shorted Diode in the MTS

A shorted diode on the MTS missile pbwer output could have
allowed a substantial drain on the power battery when the MTS power
shut down 16 seconds after fire signal, thus causing the power tran-
sients described previously. A post-test checkout of the MTS showed
it and the diode to be functioning normally, thus eliminating this as

' a cause of the Flight 162 failure.

E. Shorted-Power Supply Electronics (PSE)

A short in the PSE at 1.6 seconds could have drained the
power battery causing the power transients, etc. Post-test functionalA • checkout of the G&C package showed the PSE to be functioning normally,
thus refuting this potential failure mode.

F. Pad Wiring - MTS Monitoring Circuits Plus the Recent Time
Delay Mod

An anomaly in the pad wiring, particularly in the MTS moni-
toring circuits could have caused the drain on the power battery, etc.
Post-test pad checkout showed that all pad wiring functioned properly,
thus refuting this failure mode. In addition, there was no connection
bet ,en the power source of the time delay mod and the power associated
wit the launch sequence.
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G, XM1 Tme iga

'*A premature signal from the XM811 timer caused bcth an early
i~i' OCO and BECO. Since the sustainer engine Con1t!T\ued to operate 11nomally

i,, and si.nce telemetry records show no evidence of a good guidance signal
" to initiate the timer, there is no possibility that this failure mode

could have caused the Flight 162 failure, The fact that the tianer
squibs were found fired on inspection after impact and loss of telemetry
signal is not understood, but is not part of the basic Flight 162
failure,

MC H. Instrumentation Interface

M, A short in the instrumentation could cause a drain on the
power battery, etc., or saturation on the integrator o,: valve amplifier
in the VCE which caused the early BECO. However, all T14 records show
normal functioning with no evidence of a short. Further, all TM moni-
toring points are current limited.

3.3 Failure Mode Summary

Table A-1 presents a summary of all potential failure modes with
the supporting and refuting data.

4.0 DIAGNOSTIC EVALUATION AND TESTING

Post-test inspection of missile and GSE hardware, plus analysis
of telemetry and hardwire van data, showed that neither the new
accelerometer not gyros were the cause of the failure. Instead it
strongly appeared that the premature firing of the BTV squibs was due

•[' to the loss of power regulation by the PSE, as a result of the power

transient on the power battery. The power battery transient appearedi to bedeto a current danon tebattery du oan eryhigh
battery impedance during the first TVC valve pulses. Therefore, the

diagnostic evaluation outline was as follows:

a. Review launch sequence of previous flights

b. What can cause TVC pulsing prior to first motion?

c. Determine time history of power battery internal impedance
after activation

d. Was the battery used in this flight typical of previous
flight batteries?

e. Determine the effect of power transients on the G&C system.

4.1 Launch Sequence Review

Previous flight records were reviewed to determine if any evidence
of launch sequence anomalies could provide a background to the postulated
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failure sequence. Table A-2 presents a summary of all flight tests in
which TVC pulsing occurred prior to the time at which the missile clearsthe rails. The pertinent flight's time sequences are illustrated in

l tFigure A-5.

ii' As indicated from these data, four recent instrumented flights were,,'!'<noted to have had TVC pulses prior to First Motion. These were Flights

151, 153, 155, and 156. The time sequence of these four and Flight 162
along with the power battery effects are as follows:

First Power Power
Power Gyro TVC Transfer First Battery

Flight Transfer Sensitivity Pulse Pulse- Motion Results

w 151 1.223 1.313 1.292 1.295 1.539 No noted Full 13 msec
drop duration pulse

on power trans-
mitter channel
prior to SPGG

153 1.374 1.460 1.645 1.658 1.920 Drop to MP off prior to
24 V first motion

155 1.336 1.437 1.632 1.636 2.139 No noted Small 2 msne
drop spike on power

transmitter
channel.

156 1.442 1.533 1.962 None 2.036 No noted No apparent
drop effect

162 1.464 1.537 1.535 1.548 1.797 Drop to MTS cff and
14 v BECO prior to

first motion.

4.2 TVC Pulsing During Launch Sequence

As indicated in the previous subsection, 10 out of 36 flights
investigated showed TVC action prior to first motion. Potential
reasons for this early TVC pulsing are large gyro uncage error3 and
capacitive loading of the PRM nulling amplifiers. To evaluate the
latter, measurements were made at WSMR to determine the capcitive

load presented by the pad wiring. Concurrently, tests were conducted
in the simulator to determine the effects of capacitance on the DCE-M/P
null loop. WSMR measurements showed that the capacitive load presented
by the pad wiring and hardwire van at the DCE-M/P null loop monitoring
points to be 0.01 ýtf. Simulator tests showed that capacitive loading

i up to I pf had no effect on the null loop.
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TABLE A-2. LANCE SUMMARY OF FLIGHT TEST Th'C ACTION

Power TVC
Battery TVC Action Action

Flight Gyro Power Transfer F.M.
No. S/N Lot S/N F.M. End Rails

72 44 (02) X
76 125 (04) X X
84 149 (03) X x
90 176 (04)

105 180 (04) (64A) X
107 107 (04) (2001) X
110 202A - (47B) x x
111 66 (02) (2017) X x
112 198A - (2008) X X
116 1186 (2) (2202) X
119 1185 (2) (2210) X
121 EP6 (IA) (2018) X
127 1194 (2) (2216) X
130 1191 (2) (2207) X
131 1122 (IA) (2249) X
132 1104 (IA) (2294) X
133 1121 (lA) (2238) X
135 1181 (2) (2218) X
13! 1147 (IA) (2226)
142 1184 (2) (2205)
145 I 159 (1A) (2231)
147 1152 (lA) (2293) X
148 1145 (IA) (2229)* X
149 1139 (IA) (2244) X
150 1155 (1A) (2248) X
151 1187 (2) (2206) X X
152 1174 (2) (2222) X X
153 1116 (IA) (2230) X X
154 1192 (2) (2215) X
155 1105 (IA) (2223) X X
156 1114 (IA) (2234) X X
157 1168 (lA) (2251) X
158 1161 (IA) (2284) X
159 1126 (IA) (2252) X
161 1177 (2) (22'78) X
162 1227 (3) (2286) X X

*Denote hardwire records not available.

N
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The effects of a gyro uncage kick on the closed nulling loop was
then evaluated. In the simulator, a step function simulating uncage
was introduced into the null loop. The results are tabulated below.

SGyro Out~ut TVC Pulsing

37 mV No pulsing
38 mV 1 pulse

*52 mV 2 pulses

As shown above, a step input of less than 37 mV will not cause
"any pulsing. Between 38 and 51 mV, however, the response of the null
loop is such that one TVC pulse will be generated before the loop
settles at a new null point. With a 52 mV step input, two pulses will
be generated before the loop settles down.

Since this flight was a piggyback gyro flight, the A error signals
between the control gyro and the piggyback gyros allowed a precise
determination of the uncage kick.

The magnitudes are as follows:

Pitch 3.5 min = 29 mV

Yaw =5.5 min =46 mV

From these data, it can be seen that the early TVC pulse on this flight
was definitely the result of a gyro uncage error.

4.3 Power Battery Internal ImpedanceM
The time history of the power battery internal, impedance was

evaluated by applying a pulsed load. The voltage drop'which occurs
upon application of the load results in two equations with two

.V!: unknowiis: open circuit voltage and output impedance. The test cir-
cuit is illustrated as follows:

BATTERY

•;•,:.S Q U I B3S

DLOAD

POWERPPULSE

SUPPLYGENERATOR
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ii
At initiation, the internal impedance is at infinity. As the

electrolyte melts and current flow starts, the internal impedance
rapidly decreases toward values less than I ohm. Figures A-6 and A-7
show the time history of output impedance for two test samples starting
at the point where the open circuit (unloaded) voltage reaches 28 Vdc.
Note that both batteries reached 28 Vdc at about 1-1/2 seconds after
initiation of the battery squibs. The output impedance at this point
in time is approximately 12 ohms. The application of a 14-ohm load
(equivalent to 2 TVC valves) at this time will cause the battery
voltage to drop nearly in half. The slope of the impedance curve is
very steep (75 ohm/sec) and the battery voltage under load will
recover back to 26 Vdc in approximately 200 msec.

The internal impedance of the power battery used on this flight
can be calculated from flight data and hardwire records as shown in
Figure A-8, The TVC supply provides a continuous record of battery
voltage even during TVC pulsing. By accounting for the voltage
divisions within the TM package during pulsing and utilizing both
the pitch and yaw TVC channels, the power battery voltage can be recon-
structed as shown. Knowing the load of each TVC valve and recognizing

. that the battery supplies the entire G&C package following MTS shutdown,
the battery load profile can be reconstructed. The determination of
output impedance is now a simple calculation and a time history of the
battery output impedance during the time frame of interest is also
included in Figure A-8. It will be noted that the output impedance of
the flight battery well after the point where the output reaches 28 V
is 24 ohms which is significantly higher than the batteries tested.

4.4 Battery Lot Data

Because of the significant difference between the flight battery
and the batteries evaluated in the lab, the characteristics of various
battery lots were evaluated. The lot information is as follows:

Lot No. S/N Sample Test Date

IA 1101 - 1172 12/70
2A 2273 - 1194 1/71
3 1195 - 1268 5/71
4 In-process 6/72

The lot sample tests call for the application of 13 ohms when the
unloaded voltage reaches 28.5. Time for the loaded output to recover
back to 26 V is recorded. The lot sample data are summarized in
Table A-3. The upper figure in. each case is the mean while the lower
figure is the standard deviaticn.

It will be noted that Lot 3 data show significantly larger
voltage drops upon application of the load than the previous lots.
This is indicative of higher output impedance values. This flight

66

~1'V

ww'



1010 28-V OUTPUT

Z =12.8 AT 28 V AT 1.52 isc
FROM ACTIVATION

SLOPE 25 75 2/sec
8- RECOVERY TIME =230 nisc

0

4 4.0 RECOVERY TO26 V

2-

.1.

01.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
is' SEC

Figure A-6. Number 1 - 2a pulse and 14-ohm load.
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,/- aVOUTPUT.

Z 11.8 AT 23 V AT 1~i.5 sew
F~ROM ACTIVATION

SJLOPE =, 75.5 Siw~c
RECOVERY TBME - 210 niuso

x 6.06

0-

4-
/RECOVERY TO 26 V

3.46

2.02

2-

15 1.6 1.7 1.8 1.9 2.0 2.1 2.2
SEC

Figure A-7. Number 2-2a pulse and 14-ohm load.
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Ž30

26 28.
I24.
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U i Figure A-8. Flight 162 Power battery internal impedance.
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utilized power battery S/N 1227. This was the first battery flown out
of Lot 3. Thus, the lot sample data confirms the reconstructed output
impedance of the flight battery. Further evidence of the significant

n: differences between this first of the Lot 3 batteries and all previously
flown batteries can be seen in Figure A-9 which shows the effect of
TVC pulsing prior to first motion on the power battery voltage.

4.5 Simulated Power Transient Tests

Results to this point have shown that the Lot 3 power batteries
(the first of which was flown on this round) exhibit a significantly
higher output impedance following attainment of open circuit voltage

sufficient to allow the power transfer event. Also, gyro uncage kicks
can upset the DCE-M/P null loop and cause TVC pulsing prior to first

0 motion which presents a load to the power battery during this period
of high internal impedance. The effects of such a power transient
upon the G&C system were examined in the simulator. The initial test
set-up is shown in Figure A-10. The results of the initial power
interrupt tests are as follows:

I,,

+29.5 V

N. 20V
•ii~i ,,,•X17 V

V V

INTERRUPT 10 msec 15 mis 20 mIoc

As noted, the power battery voltage follows a discharge curve dueto the distributive capacitance of the G&C package. The longer

interrupt times resulted in lower voltages. The telemetry records of
the G&C measurements during the power interrupt showed a close match

N. to flight records when the interrupt time was greater than 10 msec.

q f! Similar results were obtained with various combinations of three VCE's
and three PSE's, indicating that the effects of the interrupt were not
a function of individual VCE's or PSE's.

To provide a closer simulation to Flight 162, a 29 ohm load was
inserted in series with the power battery simulating a high output
impedance. Figure A-lI shows the data as recorded by TMn. Comparison
of this record with the actual flight records (Figure A-i) shows that
this simulation matches all flight characteristics.

Premature BECO
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Ot'V WQUIU

,-'7 Viw

S. ...• • .... - GGG

S~INTLGRATOR

"7J ' -", TVC SUPPLY

-17v
+22 Vdo

- K-22 yWe

4-?

TVC SUPPLY

-- , - + BOOST TERM

18v
'*'- -POWER BATTERY

VA

FLIGHT SIMULATION DATA

Figure A-l.. Run nutabor 33 flight package 29 - ohm load in series

"with power battery simulator.
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ol'owho optimum me thod o( accomplishing this objective was a modifica-if,, 1,0o1 to the• M/11 power" tratisfer funiction to incorporate a 15-ohm load as

if ol Iow

,POWER POWE
BATTERY tRANSFER
MONITOR 1

T1( n. 100 W

Since the power transfer sensor is set for 27.5 V, this modifica-
tion ensures that power transfer will not occur until the power battery
is capable of supplying two amperes minimum.

In addition to initiating the power battery under load, the flight
results also show that a more positive indication of umbilical discon-
nect should be incorporated into the M/P. This was accomplished by
changing the power interlock input from the power transfer sensor out-
put to the G&C ground as follows:

+D

INTERLOCK

SK21
J3-n -- (•JGG)

(G&C GRD)>-

These two changes were incorporated prior to Flight 163.
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Boost good guidance inhiA6ited
MTS shutdown
All electrical transients similar to flight.

5.0 CONCLUSIONS AND CORRECTIVE ACTION

5.1 Conclusions

Examination of previous flight records shows that TVC pulsing
prior to first motion can be expected. These pulses are dependent on
the magnitude of the gyro uncage error. Simulator tests have shown
that ths response of the DCE-M/P null loop is such that one TVC pulse
will be generated before the loop settles to a new null when the uncage
kick lies in the range of 38 to 52 mV. The special piggyback gyro
telemetry on this round verified an uncage error in the yaw plane of
46 mV.

This flight was the first to use a Lot 3 power battery. Compari-
son of the battery lot sample data shows that Lot 3 exhibits signifi-
cantly higher internal. impedance at the point where the power transfer

I Aevent occurs in the launch sequence than all previously flown lots.
Initiation of the gyro, its subsequent uncaging error, and the result-
ing TVC pulsing presents a load to the power battery during this period
of high internal impedance, reducing its output voltage to the point
where the MTS "senses" umbilical disconnect and causes MTS power shut-
down. This action causes the G&C package itself to act as an additional
load on the power battery, further reducing its output voltage to the
point where the PSE loses regulation, causing the PSE +22 Vdc supply
to drop. The -22 Vdc supply which is derived from the +22 Vdc exhibits
a positive-going transient toward zero. This positive spike couples
through the VCE one-shot timing capacitor to trigger the one shot for
60 msec which fires the BTV squibs through the power switch.

Simulator tests using a 29-ohm load in series with the power

battery to simulate the high internal impedance reproduces the flight

failure and comparison of the resulting TM records with flight records
duplicates all flight characteristics:

Premature BECO
Boost good guidance inhibited
IMTS shutdown
All electrical transients similar to flight.

5.2 Corrective Action

Battery lot sainple data as well as the reiults of Flight 162
indicate that the ability of the power battery to handle early loading
is marginal. To ensure that the power battery internal impedance is
sufficiently low so as to ensure the loading capability, the power
battery should be initiated and allowed to come up to voltage under
a load.
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Appendix e. INFORMATION SOURCES CONTENTS

1. Government-Industry Data Exchange Program

Abstracts of technical reports are distributed under the
Government Industry Data Exchange Program (GIDEP). GIDEP is a coopera-
tive inte• -ency activity whose task is to provide automatic interchange
of test: lra on parts/materials among Government contractors and agencies,
thereby itpxoving the reliability and performance of such parts/materials.

These abstracts have been prepared to facilitate research in avail-
able sources of dLta, to assist in the selection of parts and materials,
and to provide awareness of new state-of-the-art information in special-
ized fields.

These reports are usually available in microfilm form. For further
information concerning GIDEP, contact the document section of your tech-
nical library.

A sampling of alert services provided under this program are as
follows:

Processing, Heat Treating D6ac Steel
h Lindberg Heat Treating Co.

570.40-EO-A-73-02* (E2398).**
Tensile bars for longerons failed during test by an inde-
pendent test laboratory, Preliminary investigation indi-
cated that the most probable cause of the carburization
was due to inadequate control of the atmosphere during
the heat treat cycle (I page).

Relay, High Voltage, High Sensitivity, Reed Type.
An Application ALERT
601.14-J4-A-73-01 (E2399)d

Exposes an application anomaly experienced during ground
testing of a relay switched high voltage solar array
power supply. Repetitive relay contact closures occurred
under unenergized relay coil conditions. This was attri-
buted to electrostatic force attraction of the reeds due
to a dc potential of 1200 volts across the relay contacts
augmented by reed motion precipitated by mild spacecraft
motion (1 page).

NOTE: Normally, the GIDEP report number and the access number
will be required to order a report

t • *C;TI •report number.

**Ac c,!s imber on microfilm.
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Summary of GIDEP Reports
Cartridge No. E-12

Access Numbers E2397.-E2586

General Report

Development of Low Temperature Curing Structural Adhesives (Dec. 72),
085.45.40.30-EO-01 (E2432).

Discusses an effort to increase toughness of epoxy based adhe-
sives without sacrificing thermal stability by modifying the
adhesives with flexibilizers, and describes development of
room temperature curing silicone adhesives having extremely lo
low modulus and density. The properties of these silicone
adhesives are presented (24 pages).

Printed Circuit Card Temperature Test (Sep. 73),
142.40.13,17-EC-01 (E2435).

Presents test methods and results of testing conducted to
determine the effects of over-temperature conditions on
printed wiring assemblies. Various sample lots were tested
at temperatures of 4000 and 500°F with exposure times ranging
from I minute to 7.5 minutes. All samples then were subjected
to moisture resistance cycles per MIL-STD-202. Insulation
resistance measurements were made after each of the two above
tests (5 pages).

Urgent Data Request Response Report (Jun 73),
153.36.00-Y3-03 (E2445).

Summarizes responses received to an Urgent Data Request con-
cerning leakage and shorting failures which had been occurring
on the CL 65 type wet tantalum capacitor (1 page).

Chemical Vapor Deposition of Dielectric Thin Film (Dec. 72),
331.33.33.50-EO-01 (E2456).

Describes chemical vapor deposition (CVD) in general and pre-
sents the various methods for depositing dielectric thin films
by CVD. The report includes a discussion on the uses, deposi-
tion parameters, and properties of low-temperature silicon
dioxide, high temperature silicone dioxide, and silicon
nitride (52 pages).

Infrared Spectral Emmittance of Five Black Coatings (Jun. 70),
331.40.00.00-X7-01 (E2459) .*

Reports on the results of measurements and studies made on five
black coatings. Three of the coatings were available under the
commercial names of Sicon Black, 3M Velvet Coating, and Cat-a-
Lac Flat Black. The two remaining samples were a platinum
black chemically deposited on a gold film and a platinum black
suspended in an epoxy.

*Report was not microfilmed because of distribution limitations.
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2. National Technical Information Service Reports

Abstracts of technical reports produced under Government
funded research and development projects are published by the National
Technical Information Service (NTIS) as a "current awareness" service.
These reports cover unclassified Government sponsored research in physi-
cal sciences, engineering, and related technology.

The abstracts can be used by scientists and engineers to survey
current activity in the area of their professional interest and choose
publications believed to be valuable for their work.

The document section of the technical library usually has some of
these reports in microfiche form, other may be ordered as required.
A sampling of abstracts -vided under this program are as follows:

£ a. Tooling, Machinery, and Tools

-Highlight-
Hydraulic Grip System for Composite Tube Specimens.
A. Nagy, and U.S. Lindholm.
Southwest Research Inst., San Antonio, Tex., Sep. 73, 35 p.
AFML-TR-73-239
AD-770 447/IWI PC$3.00 MF$1.45

The report describes the development of a hydraulic grip
system for use in the mechanical testing of composite tubular specimens
under biaxial loads. The objective of the grip system is to eliminate
the constraints imposed by rigidly bonded ead tabs which generalLy lead
to premature failure in strength tests. The new hydraulic grip uses a
uniform clampint pressure to transfer axial and torsional loads to the
specimen and an active, servo-controlled, differential clamping pressure
to produce radial displacement in the grip which compensates for changes
in diameter of the specimen gage section during loading. This active
control feature minimizes the bending stresses at the specimen-grip
interface. Preliminary tests with the grip demonstrate its load transfer
capability and the active compensation feature. (Author)

b. Manufacturing Processes and Materials Handling

Cam Path Drawing, an Automatic Drafting Machine Application.
V. H. Montuori.
Watervliet Arsenal, N. Y., Nov. 73, 13 p., M-WV-T-3-47-73
AD-770 368/9WI PC$3.00/MF$1.45

The report is on a practical and simple application of an
• • automnatic drafting machine. Cam paths normally drawn by hand are now

computerized and drawn in less than two hours. A FORTRAN program has
been written to cover all types of cam paths drawings. (Author)
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-Highlight-
Casting Technology Relevant to the Production of High
Strength Aluminum Sand Castings.
Alan G. Fleming and G. B. Singh.
Army Tank-Automotive Command, Warren, Mich., Nov. 73,
29 p., TACOM-TR-11727
AD-770 501/5WI PC$3.00/MF$1.4.5

High-strength aluminum sand casting alloys such as type
201 and 224 offer yield strengths upwards of 55,000 psi on bars cut
from castings. The range of properties represented expands the tech-
nical base and design strength range of aluminum castings; their
utilization will result in longer service life as a consequence of
improved heat rejection capability and lowered running temperatures
under high ambient temperature operation. Significant weight savings
realized in individual applications should enhance vehicle mobility
characteristics. (Author)

3. National Aeronautics and Space Administration, Quality
Assurance Briefs

Abstracts and reports related to parts reliability, failure
analysis reports, quality assurance survey reports, and general quality
data are prepared by Goddard Space Flight Center and, as a courtesy,
copies are made available to other Government agencies.and contractois.
These advisory reports may be requested through the contracting officer
to the Chief, Quality Assurance Branch, Parts Branch, Code 311, Goddard
Space Flight Center, Greenbelt, Maryland 20771.

4. Sample of Titles from the Engineering Index (1969)*

Design Effective Failure Mode and Effect Analysis, P. L. Crown,
Proc. Annual Symposium on Reliability, Chicago, III., Jan. 21-23, 1969,
IEEE, New York, Vol. 2, No. 1, 1969, p. 514-21, 20134**

Mechanical Failure Technology - Coordinated Government Program,
M. B. Peterson and D. Flage, Proc. Annual Symposium on Reliability,

I iChicago, Ill., Jan 21-23, 1969, IEEE, New York, Vol. 2, No. 1, 1969,
p. 127-32.

*Published by Engineering Index Inc., 345 East 47 Street, New York,

ri New York, monthly and annually.

**Abstract or item number.
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Effectivenss of Part Pre-failure Analysis; R. C. Aakhus
(Honeywell, Inc., Hopkins, Minn.), H. W. Luedtke, IEEE Proc. Annu. Symp.
Rel., Low Angeles, Calif., Vol. 3, No. 1, Feb. 3-5, 1970, p. 267-72.

Documenting and Evaluation Troubles in Military Systems;
T. L. Tanner (Bell Telephone Labs., Inc., Whippany, New Jersey);
Am. Soc. Quality Control - Annual Tech. Conference, 23rd - Trans,
May 5-7, 1969, Los Angeles, Calif., p. 33-43.

Useful Test Design for Physics of Failure Investigations;
:t R. N. Miller (TRW Systems, Redondo Beach, Calif.); Amer. Soc. Quality

Contr., l1th annual West Coast Reliability Symp., Los Angeles, Calif.,

May 15, 1970, p. 133-57.

Microelectronic Failure Analysis Techniques and Application;
E, A. Doyle, Jr. (Rome Air Development Center, Griffiss Air Force Base,
New York), G. G. Sweet and A. M. Marques; Rochester Soc. Quality Contr,I 26th Conf. Trans., 1970, p. 43-5.

Reliability- What Happens If, E. F. Taylor, Proc. Annual
Symposium on Reliability, Chicago, Ill., Jan 21-23, 1969, IEEE, New York,
Vol. 2, No. 1, 1969, p. 62-7.

Fault Tree and Reliability Analysis Comparison, K. H. Eagle,
Proc. Annual Symposium on Reliability, Chicago, Ill., Jan 21-23, 1969,
IEEE, New York, Vol. 2, No. 1, 1969, p. 12-17.

Failure Mode, Effects, and Criticality Analysis, K. Greene
and T. J. Cunningham, Proc. 1968, Annu. Symp. Reliability, Jan. 16-18,
1968, IEEE, 1968, p. 374-84.

Failure Data Feedback-Ccntributions of Reliability Analysis
Center, G. T. Jacobi and H. A. Lauffenburger, 7th Annual Reliability
Physics Symposium, Washington, D. C., Dec. 2-4, 1968, IEEE, New York,

A ' Session V, Paper 1, p. 42-3.

5. Scientific and Technical Analysis Centers

Root cause diagnostic studies often require technical refer-
ence materials and/or the services of technical specialists to support
the diagnostics activities. Finding relevant reference material or
individuals with the skills required is often difficult. The services
of Scientific and Technical Information (STINFO) Analysis Centers can
speed up the process and provide individuals with backgrounds related
to diagnostic activities.
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A STIN.O analysis center is an ,rganization exclusively concerned
with review or analysis of scientific or engi ;erLng data and whose
funcCtioas are concerned primarily with handling the technical informa-
tion in the documerits rather than distribution of documents.

The STINFO program disseminates technical .data and documents or
their abstracts and disseminates by all other means information that is
the product o! ur in direct support of RDTE and related processes and
the muanag•ment thereof through the phase of design release to production.

Advantage should be caken of individual user sef-in:es offered by
centers. Replies to questions can consist of specific items of evalu-
ated data or information, current summaries on technical trends, com-
p'rehousive state-of-the-art analyses, and specialized advisory services.

Scientist and engineers may communicate directly with STINFO
analysis centers for other than documented information.
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"DEFENSE SUPPLY AGENCY
ODEFENSE DOCUMENTATION CZNT9R

CAMERON STATION
ALZXANDRIA, VIRGINIA 2"i1!4

DDC-T

1 September 1972

FOREWORD

This revised directory of the Defense Documentation Center (DDC) Referral
Data Bank, (previously issued in October 1970 as AD-712 800 and in July 1971
as AD-724 700) lists specialized scientific and technical sources of infor-
mation which have the capability of service to the defense community, supple-
mentary to the documentation services of DDC. The information sources,
operated or supported by the Department of Defense and other Federal Goverm-
ment agencies, include information analysis centers and other information
centers, data centers, information offices and libraries, laboratories and

testing directorates, information exchanges, audiovisurl depositories, etc.
The Department of Defense information analysis centers are identified by an
asterisk in both the table of contentq and activity index.

The directory consists of a compilation of computer printouts, each of which
gives for a single activity detailed descriptive information on the mission,
subject areas, services and materials available, publications issued and
access limitations. The descriptor field on the printout is limited to five
lines because of space limitations, although additional terms are stored in
the data bank for retrieval purposes. Arrangement of printouts is by referral
accession number. Missing numbers represent activities which have been
merged, deactivated and/or deleted. Three indexes, by activity, subject areas
and director/contact, refer to the appropriate accession number and facilitate
use of the directory.

To obtain f,i;ther information regarding any STIN"O facility, write or call
the director or information specialist at the address and telephone number

•' given.

Users of this directory are requested to report to DDC any omisoicns and
errors of fact, as well as suggestions for improvement of future issues.
Comments should be sent to the Defense Documentation Center, ATTN: DDC-TSR-2,
Cameron Station, Building 5, Alexaidria, Va. 22314.

PREPARED BY APPROVED BY:

ALICE L. 0XPAUL M. ET
Technical Information Specialist Acting Director, Directorate of

Directorate of Technical Services Technical Services
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Referral
No. Page

Foreword

990 002 Military Entomology Information Service 1

*990 003 Plastics Technical Evaluation Center 2

*990 004 Chemical Propulsion Information Agency 34 990 006 National Oceanographic Data Center 4
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